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ABSTRACT
The formation of galactic disks and the efficiency of star formation within them are
issues central to our understanding of galaxy formation. We have developed a detailed
and versatile model of disk formation which combines the strengths of previous studies
of isolated disks with those of hierarchical galaxy formation models. Disk structure is
inferred from the distribution of angular momentum in hot halo gas and the hierar-
chical build-up of dark matter, leading to theoretically generated systems where the
evolution of surface density, rotation, velocity dispersion, stability and metallicity is
predicted for annular regions on scales of 20–100pc. The model will be used to estab-
lish whether the accepted theory of large scale structure formation in the Universe is
consistent with observed trends in the properties of disk galaxies.
This first paper explicitly examines the importance of embedding such calculations
within a merging hierarchy of dark matter halos, finding that this leads to dramatically
different formation histories compared to models in which disks grow in isolation.
Different models of star formation are explored, and are found to have only a secondary
influence on the properties of the resulting galaxy disks, the main governing factor
being the infalling gas supply from the hot halo.
1 INTRODUCTION
Stellar disks are one of the most conspicuous features of
galaxies: they are the sites of quiescent star formation and
display such distinctive features as spiral arms and bars.
Current data suggest that 40–60% of all luminosity in the
local Universe is contributed by stars located in galaxy disks
(Tasca & White 2005; Dzˇanovic´ et al. 2007). In cold dark
matter universes, where structure forms hierarchically, it is
believed that galactic disks are the first components to form,
with elliptical galaxies and bulges of spiral galaxies form-
ing later through the merging of pre-existing galaxy disks
(Kauffmann, White & Guiderdoni 1993; Baugh et al. 1996).
Understanding in detail how galaxy disks form and evolve is
therefore crucial to our understanding of galaxy formation
as a whole.
Traditionally, semi-analytic models of galaxy formation
have estimated the total masses of stars, gas, and metals con-
tained in each galaxy disk, but not the radial distribution of
these components (see Kauffmann et al. 1999; Somerville
& Primack 1999; Cole et al. 2000; Hatton et al. 2003
for recent examples). Instead, they explicitly assume that
the surface density has an exponentially declining radial de-
pendence. Consequently, such models are forced to adopt
highly simplified prescriptions for star formation, which are
unable to capture the physical mechanisms involved in this
complex process. Conversely, models of individual disks (e.g.
Mo, Mao & White 1998a; Mo, Mao & White 1998b; Efs-
tathiou 2000; Monaco 2004; Kampakoglou & Silk 2006)
study the radial distribution of these properties in great de-
tail but do not always consider the dynamical evolution of
the system, digressions from the steady state or, perhaps
more importantly, interactions with neighbouring galaxies.
In order to make progress, the respective strengths of
these approaches must be brought together. Given sufficient
information about the halos in any analytic or numerical
model of large-scale structure, the profile of the disk which
forms within each sub-halo can be determined with simple
assumptions for the symmetry of the system and the conser-
vation (or otherwise) of the angular momentum of halo gas
as it cools and condenses to form a disk. Local values of the
star formation rate, the rate of outflow of gas, metallicity
and the velocity dispersion of gas clouds and so forth can
then be estimated as a function of radius in the disk.
This approach immediately provides three distinct ad-
vantages over previous work. Firstly, it allows the surface
density profiles of galaxy disks to be determined from more
fundamental premises (the distribution of halo gas, angular
momentum conservation, the frequency of galaxy mergers
and so on) rather than simply by assumption. The metalli-
cies of stellar and gaseous components can be followed sep-
arately, rather than assuming that they trace the overall
density. Secondly, knowledge of the surface density profile
and associated rotation curve and stability allows for the
inclusion of star formation models based upon local density,
local stability on so on. Finally, all of this can be modelled
within a realistic hierarchical galaxy formation scenario.
We have developed such an improvement within the
Galform semi-analytic model (Cole et al. 2000) and the
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remainder of this paper describes the techniques employed
(§2) and presents basic results (§3).The effects of hierarchical
structure formation and galaxy mergers on disk formation
are studied using three alternative models for star formation.
These comparisons are carried out initially in the simplified
context of an isolated, individual dark matter halo and then
in the context of a similar system but within a fully hierar-
chical model of galaxy formation. Conclusions are drawn in
§4.
2 THE MODEL
This section describes the methods used to compute the ra-
dial structure and star formation within galaxy disks. The
model can be embedded within the Galform semi-analytic
model of galaxy formation—which is not described in detail
here—although it can also be run independently of Gal-
form. The reader is referred to Cole et al. (2000) and Baugh
et al. (2005) for complete details of Galform. Only those
parts of the model directly affected by recent modifications
are detailed here.
Throughout this work, a standard ΛCDM model of cos-
mology is assumed, with values for cosmological parame-
ters taken from the WMAP experiment: ΩM = 0.29,Λ0 =
0.71,Ωb = 0.047, σ8 = 0.9, h0 = 0.7 (Spergel et al. 2003).
2.1 Halo Structure
In the ΛCDM cosmogony, the mass density of the Universe
is dominated by cold dark matter, which interacts only via
gravity (Bertone, Hooper & Silk 2005). Simulations of the
behaviour of such particles (Navarro, Frenk, & White 1997)
show that they undergo gravitational collapse into haloes









The virial radius, rv, encloses the correct mean density for
spherical top-hat collapse in the particular cosmology, thus
specifying ρv. For the cosmology used, this is 330 times the
mean density (Eke, Cole & Frenk 1996). The only free pa-
rameter, c, is found to be strongly correlated (and decreas-
ing with) total halo mass (Navarro, Frenk, & White 1995;
Bullock et al. 2001), albeit with a large scatter.
The pressureless dark matter particles are supported
against further collapse only by their orbital motion. As
baryonic material cools and condenses towards the centre
of the halo, the dark matter density profile will be adia-
batically compressed. Following Blumenthal et al. (1986),
we model this compression by assuming that dark matter
particles conserve the adiabatic invariant quantity j during
the process of baryonic collapse and that there is no shell
crossing (dM(< j)/dt = 0).
This calculation uses j =
√
GMr, but simulations of
dark matter contraction on galactic scales (Gnedin et al.
2004) indicate that this approximation overestimates the
central density. Such a discrepancy may prove to be a so-
lution to the unrealistically high central circular velocities
currently predicted by this model. Future versions will in-
corporate a more thorough analytic approach which allows
for orbital eccentricity in the dark matter.





Figure 1. Values of the parameter α from a sample of 41 halos in
a smoothed particle hydrodynamics (SPH) simulation (Sharma &
Steinmetz 2005). This parameter controls the shape of the an-
gular momentum distribution throughout the halo, as described
by eqn. (2).
The baryonic component is assumed to be shock heated
to the halo virial temperature during collapse. This hot gas
is supported by thermal pressure and so, as it subsequently
begins to cool, it can fall towards the halo centre. During this
infall we assume that the collective drift angular momentum
of the gas about some common axis is conserved (this an-
gular momentum arises as a result of tidal interactions be-
tween halos; Hoyle 1949). This claim has not always been
supported by simulations (Navarro & White 1994; Navarro
& Steinmetz 2000) though recent work (Governato et al.
2004) indicates that this may well have been an issue of
resolution. The assumption of conservation of angular mo-
mentum during collapse is one which we can change within
our model, and will explore in a future work.
The distribution of density and angular momentum for
simulated hot gas halos was recently found to closely match










∝ j1−α exp(−αj/〈j〉). (2)
Both expressions are normalized so that the appropriate to-
tal baryonic mass, (Ωb/ΩM)Mv (where Mv is the virial mass
of the halo), is contained within the virial radius, as is the
total angular momentum:
Jtot = Mv〈j〉 = λGM5/2/|E|1/2. (3)
This defines the spin parameter, λ. The value of this param-
eter, and those of α and rH are particular to each halo, being
distributed around typical values of 0.03, 0.9 and rv/20 re-
spectively. Figure 1 shows the distribution of α found by
Sharma & Steinmetz (2005).
2.2 Disk Formation
Though the details of non-linear gravitational collapse are
most accurately modeled by N-body simulation, continuing
to track the three dimensional location of the gas parti-
cles as they cool is computationally impractical as part of a
cosmological-scale model (the resolution achieved by Knebe,
Dominguez & Dominguez-Tenreiro (2006), for example, is
of the order of a kpc—too large to resolve individual galaxies
accurately). By using the fact that the system has non-zero
angular momentum and hence a well defined axis, the cool-
ing phase can be modeled assuming cylindrical symmetry.
This greatly reduces the complexity of further calculations
without excessive departure from a realistic physical picture.
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We use the cooling model described in detail by Cole
et al. (2000). Briefly, the time taken for the gas particles
to cool is estimated from the cooling function Λ(T ) = ε˙/n2
(Sutherland & Dopita 1993), where T is the gas temper-
ature, ε˙ is the energy loss rate per unit volume and n is
the number density of hydrogen, and is expected to greatly
exceed their freefall time, tff , for large halos. For gas with





















The gas will lose pressure, falling out of hydrostatic equi-
librium and moving towards the centre of the halo until
its residual angular momentum lends sufficient rotational
support against further collapse (Fall & Efstathiou 1980).
In the idealized situation of mutually aligned angular mo-
menta, the result will be a thin disk of gas with the original
angular momentum vector normal to the disk plane.
Both gas and dark matter components are assumed to
conserve their specific angular momenta during the collapse
process. Therefore, the baryonic material and shell of dark
matter at each point in this plane will have the same spe-
cific angular momenta particles with the same specific axial
angular momentum will share a common final radius in the





where j is the specific angular momentum of circular or-
bits at radius R in the disk plane and Mi(j) is the mass of
each component with specific angular momentum less than
j. Clearly eqn. (6) incorrectly approximates the potential
due to the disk as being spherically symmetric. The alterna-
tive option, treating the disk as perfectly thin, is also only
an approximation to reality and considerably complicates
the calculations, mainly because there is no analytic form
R(j,M). The relation between the three variables in this













R′2 − a2 . (7)
As shown in Fig. 2, there is very little difference in results
between the two approximations. The less computationally
demanding approximation, eqn. (6), will therefore be used
throughout this work. Figure 2 also shows the corresponding
mass and surface density profiles of the disk (along with
mass profiles for the original gas halo and dark matter) for
each value of α. A significant concern is that only the highest
values of α result in a disk with a rotation curve which
is even close to being flat. We will comment again on this
problem in §3.
At each point in the disk’s evolution, the radial profile
is approximated by breaking the disk up into 200 concentric
1 An important underlying assumption is that the specific angu-
lar momentum of the halo gas increases monotonically with its
distance from the axis.























Figure 2. Galactic disks which would form from a 7 × 1010M
of virialised gas were to cool onto a plane, conserving the net
component of its initial angular momentum as it does so. The
spin parameter, λ = 0.03 and dark matter contraction parameter
c = 10. The top left panel shows the mass of all the different com-
ponents enclosed at each radius with surface density shown in the
lower left panel. Circular velocity is plotted on the right. Original
density and angular momentum profiles are given in equations
(1) and (2). Each line corresponds to a slightly different value of
α (which governs the distribution of angular momentum in the
original halo). The solid lines in the rotation curves plots were
calculated using the approximation j2 = GMR, while the dot-
ted lines use equation (7) which approximates the disk as being
perfectly thin.
annuli between the origin and the final radius of the most
recently cooled gas. The masses, mean metallicities and ve-
locity dispersions of stars and gas can then be tracked for
each of these regions. As such, individual annuli have widths
of 20–100pc in typical disks. This choice is made so that re-
gions are large enough for the use of scaling laws and locally
averaged values to be appropriate, yet small enough so that
a detailed picture of the disk profile is produced. Appendix
A shows that the final results are not particularly sensitive
to this choice.
Following thousands of disk profiles in such detail is
computationally impractical and, as it turns out, largely un-
necessary. The properties of each disk as a function of spe-
cific angular momentum are therefore mapped onto a coarser
grid of only 20 annuli after each calculation of gas infall and
star formation. This coarser grid is used in the rest of the
semi-analytic model calculations (e.g. for computing galaxy
properties during mergers, see §2.4). Increasing this num-
ber above 20 produces negligible change in the shape of the
eventual profiles, as illustrated in Appendix A. The full set
of 200 annuli is then recreated by interpolation within this
coarser grid to calculate gas cooling, star formation and out-
flow in each particular disk.
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2.3 Disk Evolution
Once the disk has begun to form, the densities of gas, ρg,
and stars, ρ?, in a given annular region are evolved using a
set of coupled differential equations. These describe the star
formation and feedback process whereby supernovae both
expel gas from the surrounding region and heat any which
remains. The former effect depletes the fuel supply from
which stars are created while the latter can promote the
efficiency with which they form (McKee & Ostriker 1977).
This is therefore a complex loop, controlled ultimately by
the velocity dispersion of the existing clouds within the
disk, σg, and the infall of new gas, ρ˙in (due to the cooling
of halo gas described in §2.2). The equations describing this
system are first listed together, the motivation for the form
of each and a definition of the parameters following in the
text. Where necessary, we give alternate forms for three
different models of star formation:
(a): The same fraction of gas is converted into stars every
epicyclic period, a relationship which has empirical support
(Kennicutt 1998);
(b): Star formation is promoted by gravitational instability,
as proposed by Wang & Silk (1994)
(c): A model in which the star formation rate is propor-
tional to the rate of gas cloud collisions.
The entire system of equations is listed below. Labels
(a,b,c) refer to the three star formation models described
above.



















Conservation of mass (10)


















Eqn. (8): The parameter ?, is the fraction of gas con-










The value ? = 0.02 is chosen for agreement with observa-
tional data (Kennicutt 1998). Gravitational instability, as



















A notable scenario is Q = 1/
√
2, a state of marginal insta-
bility in which models (a) and (b) are equivalent.
In model (c) we assume that the time scale for star formation







The gas surface density is Σg and molecular cloud mass and
radius are mcl and rcl respectively. These two quantities
were found by Dame et al. (1986) to be related by ρcl ≈
r−1.3cl which implies that the overall dependence on cloud
properties in equation (14) will be relatively weak: ρ˙? ∝
r−0.7cl . If cloud sizes are also fairly independent of their host














This means that star formation would be promoted by a
high velocity dispersion. Equation (13) can be rearranged
to show that, in (b), it would be promoted by low velocity
dispersion so the two models are therefore in direct contrast
in this respect.
Eqn. (9): This calculates the current supernova rate,
nSN, from the star formation history. The function ζ(τ) is
the initial mass function expressed in terms of the stellar
lifetimes (rather then, as usual, their mass). The limit on
the integral, τmax ≈ 50Myr, is therefore the lifetime of the
lowest mass star which will create a core-collapse supernova
(≈ 8M).
Eqn. (10): A fraction fr = 0.41 of the initial mass of stars
formed is returned to the ISM through stellar winds and su-
pernovae explosions. The mass of stars formed per supernova
mSN = 125M and the mean ejected mass ∆mSN = 10M.
All of these values are calculated from a Kennicutt IMF
(Cole et al. 2000).
There will also be mass lost from the system in winds, a
process parameterised by fw. Kampakoglou & Silk (2006)
examine a range of constant values for this parameter be-
tween 0 and 1 but a single value fw = 0.4 is used here in
models (a) and (b) to avoid varying too many factors. This
gives the same fraction as eqn. (10c) if vesc = 200kms
−1.
Equation (10c) introduces a functional dependance for fw
which is motivated by the following simple argument. If mo-
mentum is conserved perpendicular to the galactic plane in
the case of a supernova releasing energy ESN,
c© 0000 RAS, MNRAS 000, 000–000









Relativistic corrections to this argument would be small
due to the low speeds involved and would only serve to
lower the effective ejected mass, further enforcing the
inequality. If this limit does indeed govern the process on
an approximate level2, equation (2.3) can be changed to the
equality applied in equation (10c), hence vSN = 80kms
−1.
Eqn. (11): Collisions between gas clouds will also cause
energy to be radiated away from the galaxy. In keeping with
equation (14) the collision rate, and hence cooling rate, is
assumed to be proportional to gas surface density. The pa-
rameter Σcool = 10
7Mpc−2 physically signifies the den-
sity at which all the energy would be dissipated in a single
epicycle. In model (b), this cooling is assumed to be further
promoted by instabilities (Q < 1).
2.4 Galaxy Mergers
In the Galform model, satellite galaxies within a halo can
lose orbital angular momentum via dynamical friction and
eventually merge with the galaxy residing at the centre of
that halo. The results of such mergers are found by apply-
ing the usual rules of Galform (see Cole et al. (2000) for
details).
If disks are destroyed by mergers, we use the properties
at the half-mass radius of the disk (now determined explic-
itly by our calculations) in determining the properties of the
resulting elliptical galaxy. In minor mergers, disks are not
destroyed but added together by assuming that the cumu-
lative mass as a function of specific angular momentum is
the same for both the combined two-disk system and the
resulting, single disk. The new radial density profile is then
determined as described in §2.2.





and is solved iteratively. Mbulge(R) is the mass of the bulge
within radius R. We assume a de Vaucouler’s profiles for
bulges, and solve for the characteristic radius of the bulge
using the same methods as Cole et al. (2000).










So, even if as little as 1% of this energy is actually available,
the constraint of momentum conservation (2.3) is still the more
relevant for vesc < 1000kms
−1, which is the case for the vast
majority of disks.
3 APPLICATIONS
This model is now used to examine the formation of disks
under each of the three star formation rules described in
§2.3. Since the goal of this work is to assess the importance
of hierarchical growth on disk formation models, calcula-
tions are performed for three cases of increasing complexity:
1) Disks are formed within an isolated halo which does
not undergo hierarchical growth but instead is assumed to
have existed since t = 0 (Fig.3). Details of the particular
parameters are given in figure 2.
2) Disks are formed within a merging hierarchy of dark
matter halos as modeled by the Galform semi-analytic
model, but with no mergers between galaxies themselves
(specifically, there is no dynamical friction, so sub-halos and
their galaxies will continue to orbit within their host halo
forever). These calculations use the standard Galform
assumptions and adopt the parameters chosen by Baugh
et al. (2005). In this case, hierarchical growth of structure
determines when gas becomes available for galaxy formation
and how the angular momentum of that gas grows with
time, but galaxies do not interact (Fig.4).
3) As Case 2 but including mergers between galaxies using
the standard Galform merger rates. (Fig.5) In this case
spheroidal components may be formed and may become
bulges in our disk galaxies. Any such bulges are included in
our dynamical modelling of the disks as described in §2.4.
3.1 An Isolated Halo
A virialised halo containing 7 × 1010M of gas is found to
cool in 10.1Gyrs under our assumptions. The stellar com-
ponent of the eventual disk systems predicted by the three
models are moderately well fit by exponential profiles with
scale lengths of 1.12, 1.25 and 1.34 kpc. The gas disk ex-
tends to much larger radii, but is severely depleted in the
centre. This isolated system produces a disk with a rotation
curve which rises strongly towards the centre, despite having
α = 1.3 in eqn. (2), the highest reasonable value indicated
by Fig. 1. As shown in Fig.2, a lower value would tend to
raise the central velocity further still.
Not surprisingly, a smooth, continuous growth of the
galaxy is exhibited in this very simple situation. Star for-
mation proceeds rapidly at early times, as the gas supply is
immediately available. Though the final star formation rates
are all comparable, model (a) does not incorporate any re-
sponse to the initial, dense state of the system as do the
other two. This explains its lower initial star formation rate
and higher eventual gas fraction.
The three resulting systems are otherwise remarkably
similar, despite the differences between the underlying as-
sumptions described in §2.3 which can become more ap-
parent by examining their histories. The final state itself,
however uniquely it may be reached, is ultimately governed
by gas supply, gravitational dynamics and stellar lifetimes,
which are the same for all models.
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Figure 3. Case 1—Disks formed in isolation: Radial profiles (left panel) and formation histories (right panel) of disks formed within
an isolated halo with parameters as specified in the text. Columns correspond to the three different models of star formation as described
in §2.3 (see labels at the top of each column). Throughout the figures, dotted blue and dashed red lines represent the gaseous and stellar
components respectively. Left panel—Radial profiles: Row 1 (the topmost) shows the gravitational stability parameter. In Row 2 the
solid lines show the galaxy rotation curve, the contributions of the disk and the dark matter indicated by faint dashed and dotted lines
respectively. Green dotted lines give the gas velocity dispersion, σg. In Row 3 the star formation efficiency is shown by the solid yellow
curve, while the others show the metallicities of gas and stars. Row 4 shows surface density profiles. The dashed black line indicates the
total surface density in the absence of any outflow and the solid green lines show the exponential profile which best matches the stellar
density. Right panel—Formation histories: Rows 1& 2 show the star formation rate and mass-weighted gravitational stability. Row 3
shows the circular velocity averaged over the stellar mass and the velocity dispersion averaged over the mass of gas. Row 4 shows the
metallicities and row 5 shows the total masses, the dashed black line again showing the hypothetical case of no outflow. The bottom row
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Figure 4. Case 2—Disks formed in hierarchical Universe with no galaxy merging: See the caption to Fig. 3 for the key.
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Figure 5. Case 3—Disks formed in hierarchical Universe including galaxy merging: See Fig. 3 for details. The dashed line
in the plot velocity vs. radius still shows just the disk’s contribution to the rotation curve. The growing mass of the bulge component is
shown here by the solid red line in the plot of Mass vs. time.
3.2 Hierarchical Growth
In Cases 2 and 3 we generate a statistically representative
sample of dark matter halo merger trees corresponding to
z = 0 halo masses in the range 1012 to 1013h−1M. From
these we select a ∼ 1010M, disk-dominated galaxy at z = 0
for illustration.
In case 2, we embed our calculation of disk formation
within the Galform semi-analytic framework, but ignore
for now the effects of mergers between galaxies. As such,
no elliptical galaxies or bulges can form3. From our sta-
tistically representative sample of merger trees described
above we select one which produces a typical-looking disk at
z = 0, and follow galaxy formation within it using each of
the three models of star formation. The results are shown in
Fig. 4. Several differences with respect to Case 1 are imme-
diately apparent. Firstly, star formation now occurs in short
bursts, even though the star formation is occurring purely in
disks. This is due to the hierarchical build-up of structure—
significant merger events replenishing the supply of hot gas
which is available to cool onto a forming disk. (This also
causes a decline in the gas metallicity.) This correspondence
can be seen directly by comparing the times of peak star
formation rate with the step-like increases in disk mass and
rotation speed. It should be noted that observations of the
Milky Way are consistent with a discontinuous star forma-
tion history (Rocha-Pinto et al. 2000).
The rotation curves for this disk are similar for all three
models of star formation examined. They do still show an
unrealistic rise in rotation speed in the disk centre, again
suggesting that there is too much low angular momentum
3 Note that the Baugh et al. (2005) does not allow for the for-
mation of spheroidal systems through global instabilities of disks.
material to be consistent with observations. Preliminary in-
vestigation into the effect of viscous forces suggests that,
though the majority of the disk would be unaffected, dense
inner regions might indeed be redistributed. Another possi-
ble explanation is that the circular approximation for dark
matter orbits may overestimate contracted central densities,
as mentioned in §2.2. A more thorough analysis of both is-
sues will be presented elsewhere. Further investigation is also
required into the variation of velocity dispersion, which in-
creases with radius in models (a) and (b), while observations
(Kamphuis & Sancisi 1993) suggest that this should mono-
tonically decrease.
The surface density profiles of the stellar disks are no
longer smooth, due to the discontinuous nature of hierar-
chical growth. This problem is believed to be exacerbated
somewhat by the nature of the cooling model used in Gal-
form. As described by Cole et al. (2000), the cooling time
for hot halo gas in Galform is reset to zero each time a
halo is considered to have “formed” (formation events are
taken to occur whenever the halo’s mass has doubled since
the previous formation event). We plan to explore the effects
of including a more realistic cooling model (such as that of
McCarthy et al. 2007) in a future work.
Finally, in Case 3 we allow galaxy-galaxy mergers to
occur and, in the case of major mergers, to result in the for-
mation of spheroidal systems which may later become the
bulges of disk-dominated galaxies. These spheroidal com-
ponents are included in our dynamical calculations as de-
scribed in §2.4. The resulting galaxy disks are very similar
to those shown in Fig. 4, despite the fact that approximately
30% of the final galaxy mass is in a bulge component. One
significant and expected difference is in the rotation curve
which rises even more rapidly towards the centre due to the
presence of the bulge.
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4 CONCLUSIONS
We have described methods for expanding the range of phys-
ical properties predicted by semi-analytic models of galaxy
formation to include the surface density profiles of stars
and gas in galaxy disks. These profiles are computed self-
consistently from the assumed distribution of angular mo-
mentum in the hot halo gas which fuels galaxy formation.
Using the additional information provided by these resolved
disks we are able to explore more detailed models of star
formation than has previously been possible within semi-
analytic models.
These methods have been implemented within the Gal-
form semi-analytic model of galaxy formation in order to
study how disks form and grow in a hierarchical Universe,
exploring three cases of increasing complexity and realism.
The main conclusion from this initial, brief study is that
the primary factor governing the evolution of these systems
is the availability of gas for star formation, the introduction
of hierarchical growth dramatically altering the form of the
resulting star formation histories. This emphasizes the fact
that any realistic model of disk formation must be embedded
within the appropriate hierarchically growing distribution of
dark matter halos.
By comparison, the structure and internal properties of
the final disk systems are relatively insensitive to the as-
sumptions concerning star formation. This conclusion can
not necessarily be extended to galaxies of all masses at all
redshifts—further work is needed to explore these regimes.
There is no doubt that a prescription for star formation
could be created which did produce very different results,
but the fact that three physically motivated star forma-
tion models produce quite similar results suggests that semi-
analytic models (and hydrodynamical simulations which fre-
quently use similar rules for the sub-grid star formation
physics) can produce robust predictions for galaxy proper-
ties even though the precise rules governing star formation
are not known.
Another key result is that current estimates of the dis-
tribution of angular momentum in halo gas from numer-
ical simulations (Sharma & Steinmetz 2005) correspond
to an excessive quantity of low angular momentum mate-
rial, consistently producing disks whose rotation curves rise
too sharply in the centre. More accurate characterisations
of the distribution of halo gas angular momentum, and fur-
ther studies of how this is conserved (or otherwise) during
cooling and star formation are therefore keenly awaited.
While this work explores the evolution of a single sys-
tem, it is just one of a large, statistically representative sam-
ple of galaxies forming in halos of a wide range of masses.
The full potential of this modeling technique will be ex-
ploited in forthcoming work, its predictions being set against
both cosmological data-sets and collected galactic profiles
(of stellar and gas mass, rotation speed, age and metallic-
ity). This will provide an important assessment of the com-
patibility between ΛCDM cosmology, as represented by its
predictions for large scale structure formation, our under-
standing of star formation and the observed Universe.
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APPENDIX A: NUMERICAL ROBUSTNESS
As described in §2.2, processes internal to each disk are fol-
lowed for each of 200 concentric annuli and external pro-
cesses, e.g. galaxy mergers, are followed on a coarser set of
20 “zones” (also concentric annular regions, but a different
term is used to avoid confusion).
To establish the numerical robustness of these approx-
imations, we have repeated our calculations using different
numbers of annulli and zones. Figure A1 shows the effect
these alterations had on the eventual profile of the typical
galaxy examined in this paper and figure A2 shows the frac-
tional changes in each parameter.
It is representative of the finding, for all of the modeled
galaxies, that increasing the number of zones above 20 made
no more than a 5% difference in any eventual parameter
value within the inner 90% of the disk’s mass. In general,
the difference was much less than this. Our calculations are
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Figure A1. Left panel: Radial profiles of the galaxy examined in
§3 under model (a), as generated using different numbers of radial
divisions used in calculations of mergers (“zones”). Lines have
the same meaning as in Fig. 3. The disk mass and gas fractions
given in the panels correspond to the number of Zones with the
corresponding typeface.The vertical dotted line encloses 90% of
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Figure A2. As for figure A1, but now varying the number of
radial divisions used in calculations concerning the internal evo-
lution of each galaxy (“annuli”). The vertical dotted line again
encloses 90% of the disk’s mass.
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